In this study, we investigated the prevalence of human immunodeficiency virus type 1 (HIV-1) drug resistance mutations and genetic variability among Senegalese patients undergoing highly active antiretroviral therapy (ART) in the public health system. We conducted a cross-sectional study of 72 patients with suspected therapeutic failure. HIV-1 genotyping was performed with Viroseq HIV-1 Genotyping System v2.0 or the procedure developed by the ANRS AC11 resistance study group, and a phylogenetic analysis was performed. The median follow-up visit was at 40 (range, 12 to 123) months, and the median viral load was 4.67 (range, 3.13 to 6.94) log 10 copies/ml. The first-line therapeutic regimen was nucleoside reverse transcriptase inhibitors (NRTIs) plus efavirenz (EFV) or NRTIs plus nevirapine (NVP) (54/72 patients; 75%), and the second-line therapy was NRTIs plus a protease inhibitor (PI/r) (18/72; 25%). Fifty-five patients (55/72; 76.39%) had at least one drug resistance mutation. The drug resistance rates were 72.22 and 88.89% for the first-line and second-line ARTs, respectively. In NRTI mutations, thymidine analog mutations (TAMs) were found in 50.79% and the M184V mutation was found in 34.92% of the samples. For non-NRTI resistance, we noted a predominance of the K103N mutation (46.27%). For PI/r, several cases of mutations were found with a predominance of M46I and L76V/F at 24% each. The phylogenetic analysis revealed CRF02_AG as the predominant circulating recombinant form (43/72; 59.72%). We found a high prevalence of resistance mutations and a high rate of TAMs among Senegalese patients in the public health system. These findings emphasize the need to improve virological monitoring in resource-limited settings.
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P
hylogenetic analyses of many HIV-1 strains isolated from diverse geographic origins have revealed four distinct groups of viruses, namely, groups M, N, O, and P. Group M, which is responsible for the global pandemic, can be further subdivided into subtypes (A to D, F to H, J, and K), subsubtypes, and numerous circulating recombinant forms (CRF01 to CRF54; http://www.hiv .lanl.gov/content/sequence/HIV/CRFs/CRFs.html). In Senegal, circulating HIV-1 strains have been characterized and show a high level of genetic diversity, with the predominance of CRF02_AG among members of the general population (1, 2) and female sex workers (3). However, a high prevalence of subtype C was noted among men who have sex with men (4).
In developing countries where non-B subtypes are predominant, antiretroviral therapy (ART) has become increasingly available, resulting in the improved health and survival of patients infected with HIV-1. The emergence of HIV resistance, due to mutations in the viral protease and reverse transcriptase (RT) genes, is the major cause of ART failure. The development of drug resistance requires the occurrence of both antiretroviral drug exposure and ongoing viral replication (5) . One of the first ART initiatives sponsored by an African government was launched in Senegal in 1998. Patients were monitored clinically and biologically by plasma HIV-1 RNA load determination, CD4 cell counting at the baseline and at 6-month time intervals, and monthly medical examinations (6) . According to the 2010 World Health Organization (WHO) guidelines, the first-line drug regimen for adults and adolescents in resource-limited settings should contain two nucleoside RT inhibitors (NRTIs) and one non-NRTI (NNRTI). After first-line ART failure, a boosted protease inhibitor with two NRTIs has been recommended for second-line ART (7) . In a prospective observational cohort study, it was shown that the implementation of highly active ART (HAART), in combination with clinical, biological, and logistical monitoring, reduced the emergence of resistant strains in Africa (8) . The WHO guidelines also suggest that the first-line ART regimen should be switched after immunological or clinical failure when plasma HIV-1 RNA load tests are not available (7) . However, previous studies reported the development of resistance mutations when the switch was performed solely on the basis of immunological or clinical monitoring of patients (9, 10) . A similar study of patients receiving first-line ART in Africa revealed a high rate of thymidine analog mutation (TAM) accumulation in patients with immunological or clinical failure when following the WHO guidelines (11) . Most published data on ART treatment in Senegal have resulted from structural prospective studies, including a biological follow-up study according to the best standards of care (6, 12, 13) . However, no data on HIV drug resistance (HIVDR) was available from patients undergoing HAART in the public health system. The aim of this study was to investigate the prevalence of HIVDR mutations and the genetic diversity in a routinely treated general population group.
MATERIALS AND METHODS
Specimen collection and viral load and resistance testing. We obtained blood samples by venipuncture from patients at three different clinical sites in Dakar, the capital of Senegal, and collected them in EDTA tubes. The patients were enrolled in the Senegalese Antiretroviral Drug Access Initiative (ISAARV) from 2001 to 2012. We conducted a cross-sectional study of patients with known virological failure among patients suspected to have experienced therapeutic failure. The samples were selected on the basis of a viral load of Ͼ3 log 10 copies/ml by the Abbott RealTime HIV-1 m2000rt quantitative assay (Abbott Laboratories, Chicago, IL). Resistance testing was performed on the plasma samples using Celera Diagnostics ViroSeq HIV-1 Genotyping System version 2.0 according to the manufacturer's instructions (Celera Diagnostics, San Francisco, CA) or the procedure developed by the ANRS AC11 resistance study group (http://www .hivfrenchresistance.org/). For ViroSeq, RNA was amplified by reverse transcription, followed by a one-step PCR to generate a fragment of 1,800 bp. The PCR products were then purified and used for direct sequencing on an ABI 3100-Avant system using the BigDye Terminator v3.1 kit (Applied Biosystems, Courtaboeuf, France). Sequencing was performed to cover the entire protease gene and RT amino acids 1 to 320. Sequences were analyzed using the ViroSeq HIV-1 Genotyping System software v2.8 (Celera Diagnostics, San Francisco, CA), which generated a drug resistance report. For the ANRS AC11 resistance method, RNA extraction from plasma was performed using the QIAamp Viral RNA kit (Qiagen, Valencia, Spain) according to the manufacturer's instructions. The PCR products were purified (Qiagen, Valencia, Spain) and directly sequenced on ABI3100-Avant using BigDye Terminator v3.1 (Applied Biosystems, Courtaboeuf, France). The sequences generated were edited using the SeqMan II software program from the DNAStar package v.5.08 (Lasergene, Madison, WI). To determine the resistance mutations, the entire protease gene and at least the first 240 amino acids encoded by the RT gene were analyzed with the Stanford HIVDR database tools (http://hivdb .stanford.edu/).
Phylogenetic analysis. HIV-1 subtype and CRF designations were determined by phylogenetic tree analysis. The nucleotide sequences generated were aligned, and a neighbor-joining tree was drawn with 100 bootstrap replicates, as implemented in the Seaview software (14) . All pure subtypes and CRFs available in the Los Alamos database and circulating in West Africa were included in the analysis. To determine whether the viruses were recombinant or not, similarity analysis and bootscanning were performed with the Simplot version 3.5.1 software. The final tree was drawn with the minimal number of references, i.e., excluding those that were not represented in the data set. Phylogenies over trimmed alignment were inferred by using PhyML version 3 under the GTRϩIϩG model of nucleotide substitution. An approximate likelihood ratio test was used to assess confidence in topology.
Nucleotide sequence accession numbers. The sequences of the HIV-1 isolates used in this study have been deposited in GenBank under accession numbers JN673567, JN673569, JN673574, JN673576, JN673579, JN673583, JN673584, JN673595 to JN673598, JN673603 to JN673618, JN673621, JN673628, JN673637, JN673647, JN673677, JN673678, JN673683 to JN673686, JN673688, JN673691 to JN673693, JN673697, JN673698, JN673703, JN673708, JQ855853 to JQ855855, JX187611 to JX187622, JX227940, JX187624 to JX187630, and KC176534 to KC176537. Table 1 summarizes the virological, drug resistance, and therapeutic patient group data. The sex ratio was 0.60, including 45 (60.81%) women and 27 (37.50%) men. The 72 participants' ages ranged from 20 to 57 years in the selected group. The median follow-up visit was at 40 (range, 12 to 123) months, and the median viral load was 4.73 (range, 3.13 to 6.94) log 10 copies/ml. The first-line therapeutic regimen was NRTIs plus efavirenz (EFV)/nevirapine (NVP) (NRTIs-EFV/ NVP; 54/72 patients; 75%) (where a slash [/] indicates that either EFV or NVP was used), and the second-line therapy was NRTIs plus a protease inhibitor (NRTIs-PI/r; 19/73; 25%).
RESULTS

Patient group characteristics.
Phylogenetic analyses. As indicated in Materials and Methods, sequences were aligned with HIV-1 references and also with sequences from ART-naïve patients who were included in the ISAARV cohort and collected since 1997 or who were diagnosed as newly infected since 2003 (not shown). These sequences were used to report on resistance mutations in naïve patients from Senegal by Diop-Ndiaye et al. (1) . Also, some of the earliest samples from the ISAARV cohort were used to document, for one of the first times, the minor mutations in non-B subtypes (15) . Our goal was to check any duplicate patient samples between the ART-naïve patient samples and the 72 samples from the present study to avoid any sequence overlap in database accessions. We found five patients who were previously included in the above studies under accession numbers FN599718, FN599740, FN599686, FN599697, and AJ286986. However, 7 to 10 years later, the patients harbored several drug resistance mutations and consequently, we submitted the corresponding sequences.
The overall subtype distribution was as follows: CRF02_AG (n ϭ 43; 59.72%), C (n ϭ 5; 6.94%), A3 (n ϭ 3; 4.17%), B (n ϭ 2; 2.78%), D (n ϭ 2; 2.78%), CRF06_cpx (n ϭ 4; 5.56%), and one each of the CRF09_cpx and CRF01_AE strains (1.39%). In addition, 11 unique recombinant forms (URFs) were also found, including CRF02_AG/A3 (n ϭ 3; 4.17%), CRF02_AG/A (n ϭ 2; 2.78%), and one (1.39%) each of CRF02_AG/CRF06_cpx, CRF02_AG/U/CRF02_AG, CRF09_cpx/CRF02_AG, G/CRF02_ AG/A, CRF02_AG/C/A, and CRF11_cpx/CRF02_AG. Unique recombinants with the same profile, i.e., CRF02_AG/A3 and CRF02_AG/A, did not cluster together in the phylogenetic tree. Figure 1 shows the phylogenetic relationships between the sequences in the present study. We found one very probable transmission chain between two strains originating from one man and one woman. Drug resistance analysis. Table 1 summarizes the findings on drug resistance mutations among the 72 HIV-1-infected patients known to have experienced virological failure (Ն3 log 10 copies/ ml) during first-line (n ϭ 54) and second-line (n ϭ 18) ART. The first-line therapeutic regimen was NRTIs-EFV/NVP (54/72; 75%), and the second-line therapy was NRTIs-PI/r (18/72; 25%). Fifty-five patients (55/72; 76.39%) had at least one drug resistance mutation. The drug resistance rates were 72.22 and 88.89% for the first-and second-line ARTs, respectively. For patients on the firstline ART, the high rate of resistance mutations was associated with NRTI-NNRTI combinations (n ϭ 31; 57.41%). However, the rates of resistance mutation with second-line ART were 38.89 and 22.22% with the NRTI-NNRTI and NRTI-PI/r combinations, respectively.
For NRTI mutations (Table 2) , the CRF02_AG strain contained all of the mutations associated with resistance to NRTIs, except the K65R mutation. However, the subtypes B, CRF09_cpx, CRF02_AG/CRF06_cpx, and CRF09_cpx/CRF02_AG displayed no mutations associated with resistance to NRTIs. Among the mutations associated with resistance to NRTIs (126 mutations), we observed a predominance of TAMs (n ϭ 64) which was equivalent to 50.79% of the set. We also observed a high rate of mutations at the M184 position, which represents 44 (34.92%) of the Total  72  9  11  9  5  19  11  1  5  2  44  3  4  3 a For example, in V 2 , the letter represents the amino acid substitution and the number indicates the number of strains with that mutation.
total of 126 mutations. The CRF02_AG form also displayed mutational combinations, including several cases of TAMs-M184V, two cases of TAMs and an insertion at position 69, three cases of TAMs-E44D, and five cases of M184V-L74V. The M184V mutation was also found in only two variants. Table 3 displays all of the mutations in our study population that are associated with resistance to NNRTIs. The CRF02_AG strains showed all of the mutations associated with resistance to NNRTIs, except mutations at positions K101P/E and V106I. The subtype D, URFs (CRF09_cpx/CRF02_AG, CRF11_xpx/ CRF02_AG, and CRF02_AG/CRF06_cpx) and CRF09_cpx contained any mutations that were associated with resistance to NNRTIs. In addition, we observed a predominance of mutations at position K103N (31/67; 46.27%), followed by additional mutations at positions V108, G190, and Y181. Several cases of K103N combined with other mutations (e.g., L100I and P225H) were noted. The mutation K103N was also found once in each of 10 patients.
In contrast to the high rate of mutations associated with resistance to NRTIs and NNRTIs, there were few mutations associated with PI/r resistance. We documented 25 positions of mutations among 57 HIV-1-infected patients who developed this type of resistance. Several cases of mutations were found with a predominance of the M46I and L76V/E mutation types, and each represented 24% of the total. The CRF01_AE and CRF02_AG strains harbored most of the mutational positions. One subtype D and one URF (G/CRF02_AG/A) developed two mutations, at positions I50 and L76 and positions M46 and I84, respectively. Subtypes A3, B, C, and D, CRF06_cpx, CRF09_cpx, and the URFs (CRF02_AG/A, CRF02_AG/A3, CRF02_AG/CRF06_cpx, CRF02_AG/U/CRF02_AG, CRF09_cpx/CRF02_AG, CRF02_AG/ C/A, and CRF11_cpx/CRF02_AG) contained any mutations associated with PI/r resistance.
DISCUSSION
In this study, we investigated the prevalence of HIV-1 drug resistance mutations and the genetic variability among Senegalese patients undergoing HAART in the public health system. This work is in contrast to structural prospective studies, as we conducted a cross-sectional study of 72 patients with known virological failure (Ն3 log 10 copies/ml) while undergoing treatment. This study identified a predominance of the CRF02_AG strains (43/72, 59.72%), the circulation of eight subtypes/CRFs, and 11 URFs, representative of a very high level of genetic diversity, in accordance with previously published studies (16) . However, the subtype/CRF distribution can change over time in some high-risk groups, such as female sex workers (3). A very high level of genetic diversity with a substantial number of URFs and an increased prevalence of subtype C strains was previously described in untreated Senegalese patients from 1998 to 2007 (1) .
In a structural cohort in Senegal, an increase in AIDS-defining illnesses was noted in patients with immunological and virological failure or with only virological failure (17) . Studies in Senegal have demonstrated a low rate of drug resistance mutations in patients in a structural cohort (6, 12, 13) . In the present study, we examined patients from the public health system and found a high rate of drug resistance mutations: 76.39% of the samples tested (55/72) had at least one drug resistance mutation after a median follow-up period of 40 months. This rate of drug resistance mutation is similar to that recently reported in studies in decentralized areas of Senegal (18) and in other countries such as the Central African Republic (19) and the Republic of South Africa using the same first-line regimens (20) . In contrast, a relatively low prevalence of resistant viruses has been reported in Cameroon after 12 and 24 months, probably because of the shorter median follow-up period of 17 months (21) . The drug resistance rates among patients with virological failure were 72.22 and 88.89% for first-and secondline ART, respectively. For patients on first-line ART, the highest rate of resistance mutations was associated with a combination of NRTIs-NNRTIs (n ϭ 31; 57.41%). This finding confirms the need to increase the number of patients on second-line ART, but the financial cost is higher than that of the first-line drugs (22) . At sites with viral load monitoring, the patients are switched earlier than at sites without viral load monitoring (23) . While expensive, viral load monitoring has the potential to save costs on expensive second-line drugs by confirming that they are needed (7). However, Total  72  2  2  31  10  6  3  7  5 a For example, in N 1 , the letter represents the amino acid substitution and the number indicates the number of strains with that mutation.
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February 2013 Volume 51 Number 2 jcm.asm.org 581 the rates of resistance mutations for second-line ART were 36.84 and 21.05% with combinations of NRTIs-NNRTIs and NRTIs-PI/r, respectively. This high level of patients who harbored resistance to NRTIs-NNRTIs was due to the re-emergence of archived mutations as a result of failure of first-line ART with NRTI-or NNRTI-containing regimens. These results showed a high rate of HIV-1 drug resistance among patients undergoing first-and second-line therapeutic regimens, while third-line regimens are more expensive and not yet available in our countries. The main solution for those patients resistant to both first-and second-line regimens is to use another boosted PI/r and etravirine, a secondgeneration NNRTI (13) . In the public health system, as ART availability continues to increase throughout Africa, the monitoring of HIV drug resistance mutations should be a priority (24) . In Senegal, a total of 18,352 patients were undergoing HAART from 1998 to 2011 (http://www.unaids.org/en/dataanalysis/knowyourresponse /countryprogressreports/2012countries/ce_SN_Narrative_Report [1] .pdf) and the few data available showed a high rate of HIV-1 drug resistance among treated patients (18) . HIV infection cohorts should have an excellent and important platform to preserve current firstline drugs for the long term. There is also a need for some form of cheap and practical viral load monitoring and drug resistance testing for urban and rural environments in resource-limited settings (24, 25) . As mentioned in Tables 2 and 3 , the CRF02_AG strains harbored all of the mutations associated with resistance to NRTIs, except the K65R mutation, and all of the mutations associated with resistance to NNRTIs, except those at positions K101P/E and V106I. Most of the mutated positions associated with PI/r resistance (Table 4) were harbored by the CRF01_AE and CRF02_AG viruses. These findings indicate that the rate of antiretroviral drug resistance mutation selection appears to be influenced by viral genetic diversity, as previously observed (26) , despite the fact that the prevalence of patients carrying the CRF02_AG strain was higher than that of patients in the study set carrying other subtypes, CRFs, and URFs. Mutations associated with NRTI, NNRTI, and PI/r resistance have already been reported in CRF02_AG strains from Burkina Faso (26) .
Among the mutations associated with resistance to NRTIs, we observed a predominance of TAMs (n ϭ 64; 50.79%), followed by the M184V/I mutation, which represents 44 (34.92%) of the total of 126. The higher rate of TAMs and the M184V/I mutation observed in this study has previously been described in Malawi and could be related to the duration of treatment failure before genotyping in patients being treated in a public health system (27) . A high rate of TAM accumulation in patients with immunological or clinical failure in response to WHO-recommended treatment has also been described in South Africa (28) , and it is higher than that observed in the Central Africa Republic (24%). These treatment guidelines may also be associated with a higher frequency of the M184V mutation, conferring increased sensitivity to zidovudine (AZT) and stavudine (d4T) (29) . CRF02_AG strains also revealed several cases of mutational combinations of TAMs and M184V, two cases of TAMs plus an insertion at position 69, three cases of TAMs plus E44D, and five cases of M184V plus L74V. The M184V mutation was also found solely in CRF06_cpx. These mutations have been identified in limited-resource settings, where the first-line regimen drugs contained AZT or d4T (28) . The M184V mutation alone does not significantly affect the in vivo virological responses to abacavir (ABC) (30) . In adults infected with HIV-1 subtype B, the M184V mutation in the presence of additional TAMs increased the susceptibility to AZT (31) . Furthermore, this mutation has been demonstrated to delay the emergence of TAMs, suggesting that it would remain advantageous to maintain emtricitabine (FTC)-containing treatment even for patients with a detectable viral load (32) . The presence of amino acid insertions at codon 69 generally occurred in the presence of multiple TAMs, as observed in this study. The combination of TAMs plus an insertion at position 69 is associated with intermediate resistance to lamivudine (3TC) and FTC and highlevel resistance to each of the remaining NRTIs (33) . The E44D mutation may have an accessory role in increasing resistance to NRTIs in the presence of TAMs (34) . The presence of the L74V mutation in combination with the M184V mutation is enough to get high-level resistance to both ABC and didanosine (DDI) (35) .
For resistance to NNRTIs, we have reported a predominance of V32  D30  M46  I47  G48  I50  I54  Q58  T74  L76  V82  I84  N88  L90   A3  3  B  2  C  5 K103N mutations (31/67; 46.27%), followed by mutations at positions V108, Y181, and K101. A higher prevalence of the K103N mutation and resistance to NNRTIs have also been observed after 24 months of first-line ART treatment in adults in Bangui (19) . The Y181C mutation confers high-level resistance to nevirapine (36) . However, combined with the K103N mutation or K103N/ V108I, it may confer significant cross-resistance to all of the currently approved NNRTIs (37) . Several cases of combination of the K103N mutation with another mutation, such as L100I or P225H, have been reported and resulted in lower susceptibility and a poorer virologic response than the K103N mutation alone (38) . In contrast to the high rate of mutations associated with resistance to NRTIs and NNRTIs, there are only a few mutations associated with PI/r resistance. The antiretroviral regimens based on boosted PI/r might be a better alternative to NNRTI-based regimens when patient compliance is imperfect and viral load monitoring is infrequent, as in many HIV programs conducted in resource-limited settings (39) . We identified mutations at 25 positions among the 57 HIV-1-infected patients who developed resistance to PI/r, with a predominance of the M46I and L76V/E mutations, each representing 24% of the total. These common mutations have been associated with a decrease in susceptibility to lopinavir (LPV)/ritonavir and indinavir (IDV)/ritonavir but an increase in susceptibility to atazanavir and saquinavir (40) .
Despite the low number of genotyped samples, this study points out the problem of the high prevalence of HIV-1 drug resistance and the high rate of TAMs when viral load monitoring is not done regularly. These findings emphasize the need to improve the monitoring of ART in resource-limited settings.
